Purpose Rib fixation for flail chest has been shown to improve in-hospital outcome, but little is known about treatment for multiple rib fractures and long-term outcome is scarce. The aim of this study was to describe the safety, long-term quality of life, and implant-related irritation after rib fixation for flail chest and multiple rib fractures. Methods All adult patients with blunt thoracic trauma who underwent rib fixation for flail chest or multiple rib fractures between January 2010 and December 2016 in our level 1 trauma facility were retrospectively included. In-hospital characteristics and implant removal were obtained via medical records and long-term quality of life was assessed over the telephone. Results Of the 864 patients admitted with ≥ 3 rib fractures, 166 (19%) underwent rib fixation; 66 flail chest patients and 99 multiple rib fracture patients with an ISS of 24 (IQR 18-34) and 21 (IQR 16-29), respectively. Overall, the most common complication was pneumonia (n = 58, 35%). Six (9%) patients with a flail chest and three (3%) with multiple rib fractures died, only one because of injuries related to the thorax. On average at 3.9 years, follow-up was obtained from 103 patients (62%); 40 with flail chest and 63 with multiple rib fractures reported an EQ-5D index of 0.85 (IQR 0.62-1) and 0.79 (0.62-0.91), respectively. Forty-eight (48%) patients had implant-related irritation and nine (9%) had implant removal. Conclusions We show that rib fixation is a safe procedure and that patients reported a relative good quality of life. Patients should be counseled that after rib fixation approximately half of the patients will experience implant-related irritation and about one in ten patients requires implant material removal.
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for patients with multiple rib fractures without a flail chest. Furthermore, only few small studies have described the long-term outcome and quality of life after rib fixation [4] [5] [6] [7] . Therefore, the aim of this study was to describe the safety, long-term quality of life, and implant-related irritation after rib fixation for flail chest or multiple rib fractures.
Methods

Study design and participants
All medical records of patients admitted with rib fractures following blunt thoracic trauma between January 2010 and December 2016 in the University Medical Center Utrecht, a level 1 trauma facility, were retrospectively reviewed. Eligible patients were identified using procedural codes and the Dutch National Trauma Registry. For this study, we included all adult patients with blunt thoracic trauma who underwent rib fixation for flail chest (defined as three or more consecutive ribs fractured in at least two places and clinical signs of paradoxical chest wall movement) or multiple rib fractures (defined as three or more unilateral rib fractures). We did not further distinguish between multiple rib fractures with or without chest deformity due to the retrospective nature of this study. Exclusion criteria were age below 18 years, fewer than three fractured ribs, no availability of an admission CT scan of the chest, and transfer from or to another hospital. Our institutional review board approved a waiver of consent under protocol number 17-914/C.
Indication for surgery
The indication for surgical rib fixation followed from a clinical-based algorithm considering several injuries and patientspecific characteristics as shown in Fig. 1 . There was a strict indication for patients with a clinical flail chest (paradoxical breathing). Failure of pain management with tachypnea and dyspnea was considered an indication for surgical rib fixation in patients with multiple rib fractures.
Patient characteristics at hospital admission
The following characteristics were obtained from medical records based on the recording at admission: age, sex, American Society of Anaesthesiologists (ASA) score, trauma mechanism, Abbreviated Injury Scale (AIS), ISS, Thoracic Trauma Severity Score (TTSS), number of rib fractures, bilateral rib fractures, involvement of the first rib as these are associated with higher impact trauma, rib fractures in the upper/middle/lower third or dorsal side of the thorax, displacement, concomitant injuries as described on the admission CT scan, and blood pH and base excess. The TTSS (range 0-25) is a scoring system that helps to predict thoraxrelated complications after thoracic trauma and is based on the number of rib fractures, pulmonary contusion, PaO2/ FIO2 ratio, pleural involvement, and age [8] . Displacement was defined as a shaft width displacement of the fracture parts in the transversal plane on CT. Dorsal fractures were defined as rib fractures behind the dorsal axillary line.
Surgical procedure and characteristics
All procedures were performed or supervised by senior trauma surgeons experienced with surgical treatment of rib fractures. Preoperative planning of the procedure was done using chest computed tomography (CT) with 3D reconstructions. Preoperative antibiotic prophylaxis (2 g of Cefazolin) was administered intravenously in all patients. Depending on the site of the fractures, patients were positioned in the supine, lateral or prone position. The surgical approach was performed as described by Taylor [9] . After reduction, internal fixation using the MatrixRIB™ system (Depuy Synthes ® , Amersfoort, The Netherlands) was performed. Fixation was preferably done with three bicortical screws on each side of the fracture. If plate fixation was not possible due to anatomical boundaries and rib fixation was deemed necessary, splints were used. The number of fixed ribs was at the discretion of the surgeon, and depended on anatomical boundaries and the possibility to regain stability of the chest wall during respiration. Tube thoracostomy was performed in case of pneumothorax or hemothorax at initial presentation or clinical suspicion of pneumothorax during surgery. Postoperative chest radiography was performed in all patients to document surgical result and to rule out early complications. Patients were encouraged to mobilize as soon as possible with the help of physiotherapy and aggressive pain management. All patients had an outpatient department visit 6 weeks after discharge and were counseled to visit if they experienced any thorax-related problems such as pain, dyspnea or irritation.
The following surgery-related characteristics regarding rib fixation were extracted from the medical record: time until surgery, duration of surgery, surgical approach, number of ribs fixated, the ratio of fixated ribs to fractured ribs, side of rib fixation, and fixation of dorsal rib fractures.
Short-and long-term outcome measures
Short-term outcome measures were hospital length of stay (HLOS), ICU-LOS, duration of invasive mechanical ventilation (IMV), need for tracheostomy, and incidence of surgical complications after rib fixation [e.g., pneumonia, implantrelated infection, wound infection, and acute respiratory distress syndrome (ARDS)]. Pneumonia was defined as having clinical signs (fever, coughing, desaturation) requiring antibiotic treatment, with or without positive cultures. Implant-related infection was defined as clinical symptoms (e.g., redness, drainage from surgical wound, fever, pain, elevated CRP, or leukocytes) requiring incision and drainage and intravenous antibiotics following a previously published protocol [10] . ARDS was defined by severe hypoxemia with a PaO2/FIO2 smaller than 100 mm Hg.
Long-term outcome measures were quality of life, number of implant removals due to complications of patient complaints, and level of dyspnea. To assess the long-term outcome measures after rib fixation, patients were contacted by phone after a minimum of 12 months of follow-up. The patient's contact person and general practitioner were approached for additional contact details if patients could not be reached after a minimum of five phone call attempts.
Quality of life was assessed with the EQ-5D-5L, which is a standardized instrument for generic health status measurement [11] . The EQ-5D-index ranges from − 0.33 to 1.00 where higher scores indicate better quality of life. The EQ-VAS is a patient's subjective measurement of generic health ranging from 0 to 100, where higher scores represent better subjective health experience. The level of dyspnea was measured with the modified Medical Research Council Dyspnea Scale (mMRC) which is a five-category scale that characterizes the level of dyspnea with physical activity where higher scores corresponds to more dyspnea [12] . Patients who had implant removal were asked for the reason of removal following the algorithm and definitions as described by Hulsmans et al. [13] . Implant removal due to irritation was considered a minimum of 6 months after rib fixation and after discussing the possible harms and benefits with the patient. Apart from the well-known pitfalls after implant removal in general, the most important pitfall of rib implant removal is the risk of a pneumothorax. Therefore, standard chest tube placement should be considered after this procedure. Implant-related irritation at the time of the interview was defined as physical complaints which could be attributed to the implant.
Statistical analysis
All analyses were performed separately for the groups of patients with flail chest and the group of patients with multiple rib fractures. Baseline characteristics were presented as median and interquartile range (IQR) for continuous variables, and absolute numbers with percentage for categorical variables. The non-parametric outcome measures were normalized with a cubic transformation for left skewed data and a log transformation for HLOS and ICU-LOS. In bivariate analysis, the association of the HLOS, ICU-LOS, and EQ-5D-index with the baseline characteristics was assessed using linear regression. Variables with a p value of below 0.05 in this analysis were entered into a multivariable linear regression model to assess their ability to explain the variation in HLOS, ICU-LOS, and quality of life. Given the small dataset with the high number of potential variables a robustness check of the primary multivariable regression model was performed by means of the least shrinkage and selection operator (LASSO) technique [14] . LASSO performs automatic variable selection by shrinking coefficients and giving a penalty for the number of variables in the model. LASSO is considered a robust and objective alternative for the more regularly performed stepwise variable selection for multivariable regression. The two statistical models were compared in terms of the variables that showed a relation with the outcome of interest. All analyses were performed with Stata 13 (StataCorp LP, College Station, TX, USA); a p value of less than 0.05 was considered significant.
Results
Between 2010 and 2016, in our hospital, a total of 864 patients were admitted with chest trauma resulting in three or more rib fractures. Ultimately, 166 patients (19%) who underwent rib fixation were included for analysis: 67 with flail chest and 99 with multiple rib fractures (Fig. 2 ). Of these, 137 (83%) were treated with plate osteosynthesis, 29 (17%) with a combination of plate osteosynthesis and intramedullary splints, and 1 only with intramedullary splints. Outcome information, at a minimum of 12 months after rib fixation, was obtained from 103 patients (62%): 40 with flail chest and 63 with multiple rib fractures.
Flail chest
The median age of patients with flail chest was 57 (IQR 48-69) years and the majority were male (n = 52, 78%) ( Table 1 ). The median ISS was 24 (IQR 18-34) and the median number of fractured ribs was 10 (IQR 8-12). Rib fixation was performed after a median of two (IQR 1-3) days and the ratio of fixated ribs to fractured ribs was 0.49 (Table 2) .
Among patients with flail chest, the most common complication was pneumonia (n = 26, 39%) followed by excess pleural fluid (n = 3, 5%) and implant-related infection (n = 2, 3%) ( Table 3) . One patient had a tension pneumothorax perioperatively and required a chest tube. Six (9%) patients died during hospital admission; all were because of concomitant injuries that were not related to the rib fractures. Two patients had an infaust neurological prognosis, one patient died of cardiac failure, one patient developed secondary bacterial meningitis, and one patient with metastasized carcinoma and IC acquired weakness wished no further treatment.
The median HLOS was 19 (11-26) days and 44 (66%) patients required ICU admission with a median ICU-LOS 8 (6-14) days (Table 4 ). The median follow-up duration was 3.1 years (IQR 2.4-5.1; range 1-7.5) and 40 (60%) patients were available for follow-up. The median quality of life as measured with the EQ-5D index at follow-up was 0.85 (IQR 0.62-1) with an EQ-VAS of 75 (IQR 63-85). Figure 3 shows the proportion of patients reporting problems specified per EQ-5D domain. Twenty-one (53%) patients reported implant-related irritation. Five (13%) patients had their implant removed due to irritation on average 1.1 (range 0.64-1.6) years after rib fixation. Patients reporting implant-related irritation at the time of the interview had a significant lower median EQ-5D index compared to patients without implant-related irritation (z = 2.97; p = 0.003). Eleven patients (28%) reported mild to severe complaints of dyspnea.
The association between patient characteristics and the outcomes are presented in Appendix 1. In multivariable linear regression, male sex and sternum fracture appeared to be independently associated with the EQ-5D index (Appendix 2). We did not observe an association with HLOS. A higher AIS-head appeared to be associated with ICU-LOS. The associations found in the three multivariable models were also found when applying LASSO, indicating robustness of the models. 
Multiple rib fractures
The median age of the 99 patients with multiple rib fractures was 56 (IQR 47-64) years and the majority were male (n = 82, 82%) ( Table 1 ). The median ISS was 21 (IQR [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] and the median number of fractured ribs was 7 (IQR 6-10). Surgery was performed after a median of two (IQR 1-4) days and the ratio of fixated ribs to fractured ribs was 0.52 (Table 2) . Among patients operated on multiple rib fractures, pneumonia was the most common complication (n = 32, 32%) followed by excess pleural fluid (n = 3, 3%) and implant-related infection (n = 3, 3%) ( Table 3 ). Two (2%) patients suffered a tension pneumothorax postoperatively and were successfully treated with a chest tube. One (1%) patient needed revision surgery due to two dislocated intramedullary splints resulting in a hemothorax. Three (3%) patients died during hospital admission: one because of respiratory failure possibly associated with the suffered rib fractures and the other two as a result of concomitant injuries not related to the thorax. One had unmanageable infectious episodes from unknown origin and did not want further treatment. One patient had a systemic inflammatory response with decompensated liver cirrhosis, kidney failure, and developed acute respiratory distress syndrome (ARDS).
The median HLOS was 14 (IQR 10-28) days and 44 patients (44%) required ICU admission with a median ICU-LOS of 9 (IQR 2-16) days (Table 4 ). The median follow-up was 4.4 years (IQR 3.4-5.9; range 1-7.6) and 63 patients (63%) were available for follow-up. The median quality of life as measured with the EQ-5D index at follow-up was 0.79 (IQR 0.62-0.91) with an EQ-VAS of 73 (IQR 65-80). Figure 3 shows the proportion of patients reporting problems specified per EQ-5D domain. After rib fixation for multiple rib fractures, 28 (44%) of the patients experienced implantrelated irritation. Four patients (6.3%) had their implant removed due to irritation on average 1.8 (range 0.91-4.2) years after rib fixation. Patients reporting implant-related irritation at the time of the interview had a significant lower median EQ-5D index compared to patients without implantrelated irritation (z = 3.30; p = 0.001). Nine patients (14%) reported mild to serious complaints of dyspnea.
The association between each patient characteristic and the outcomes are presented in Appendix 3. In multivariable regression, we did not observe an association of the EQ-5D index and the baseline characteristics (Appendix 4). A higher AIS-head, AIS-extremities, and AIS-abdomen appeared to be associated with HLOS. A higher AIS-face, AIS-extremities, and base excess appeared to be associated with ICU-LOS. The associations found in the three multivariable models were also found when applying LASSO.
Discussion
In this cohort study of 166 patients admitted to a Dutch level 1 trauma facility, the reported quality of life was relatively good after rib fixation for flail chest or multiple rib fractures at a median follow-up of 3.1 and 4.4 years, respectively. A mortality rate of 5% was demonstrated in this cohort. Approximately half of the patients experienced implantrelated irritation after rib fixation and about 10 percent had the implant material, or part of it, removed due to this irritation. At follow-up, 15-18% of the patients reported mild tot serious complaints of dyspnea as measured with the mMRC.
In our cohort, the mortality rate for patients with flail chest was 9% and for multiple rib fractures 3%; only one death could be directly ascribed as the consequence of the suffered rib fractures. There were three important surgeryrelated complications resulting in a tension pneumothorax; all were successfully treated with a chest tube. The low mortality rate as well as the low number of surgical complications indicate the relative safety of this procedure in this patient cohort. The most frequent complication was pneumonia in 39% of the patients with flail chest and 32% of the patients with multiple rib fractures and is comparable with the existing literature. However, definitions used for pneumonia differ in the literature making this outcome measure difficult to compare across studies. The incidence of ARDS was 3% in both groups and was low compared to an ARDS incidence of 13% in a previously published cohort of polytrauma patients, predominantly chest trauma, from our hospital [15] . This low rate of ARDS in our cohort could be attributed to the effects of rib fixation. The rate of implantrelated infection was 3% in our cohort and was similar to the infection rate reported by Pieracci et al. [16] in a similar but smaller cohort.
The duration of mechanical ventilation and ICU-LOS among patients admitted to the ICU in our cohort were comparable or shorter than the three RCTs available on this subject [17] [18] [19] . Another interesting finding in our study was that injury severity, as defined by the Abbreviated Injury Scale, in other body regions such as head, face, abdomen, and extremities was associated with a longer HLOS and/or ICU-LOS, while no association was seen with injury severity of the thorax. One explanation could be that rib fixation successfully minimized the impact of chest injury on the outcome measures. ICU-LOS and HLOS are frequently used to measure the success of rib fixation and it should be kept in mind that a small but potential beneficial effect could be masked by associated injury when comparing different treatment strategies for rib fractures. This emphasizes the necessity of sufficient group sizes when comparing treatment strategies in this often-heterogeneous group of patients; nonetheless, there is a lack of large patient series in the current literature. The quality of life in our study, a EQ-5D index of 0.85 for patients with flail chest and 0.79 for patients with multiple rib fractures, is comparable to the Dutch reference population index of 0.87 [20] and compared to studies describing different polytrauma cohorts these results were good [21] [22] [23] [24] . There was no difference in quality of life between patients with flail chest and patients with multiple rib fractures as both indices were within the range of the minimal clinically important difference for the EQ-5D (the minimal score difference detectable by the patient) [25, 26] . Although, one might expect a worse outcome for flail chest patients compared to patients with multiple rib fractures, in this cohort, patients with multiple rib fractures had similar injury severity scores which might explain comparability. Caragounis et al. presented comparable results after 1-year follow-up of 45 patients with rib fixation for flail chest and multiple rib fractures with an EQ-5D index of 0.93 [27] . Similar results were reported by Mayberry et al. [4] in a cohort of 15 patients after rib fixation. In another study, Campbell et al. [6] reported on quality of life of 20 patients more than 1 year after rib fixation and showed a lower quality of life as compared to the reference population possibly due to the higher ISS scores in this patient cohort. There were a high number of reported problems per domain ranging from 22 to 60%, with the most substantial limitation experienced in the domain of pain and discomfort. It cannot be extracted from the EQ-5D-5L if the pain is situated in the chest area. Farquhar et al. [28] reported the EQ-5D-5L of 11 patients with rib fixation for flail chest at an unspecified long-term follow-up, and reported a slightly higher number of problems per domain as compared to our results, but also found the highest rate of problems in the domain of pain and discomfort. Although residual pain and chest stiffness are commonly reported in the literature, patient satisfaction is high after rib fixation at long-term follow-up [5] [6] [7] .
Implant removal after rib fixation is a challenging and time-consuming procedure. Due to the angular stable system and soft titanium, we encountered several technical problems during implant removal. In one case, a grinding machine was used to remove plate and screwheads leaving the body of the screws in place. In other cases, a diamond drill was used to remove the screwhead from the plate also leaving the screw body behind. Because implant removal is challenging, perforation of the pleura happens easily. Therefore, a chest tube should be considered after implant removal.
Two of the three clinical trials in this field performed rib fixation on patients with flail chest who were ventilator dependent without prospect of successful weaning. All three studies had different strict exclusion criteria such as severe injuries to other body systems, head trauma, or patients who did not develop acute respiratory failure [17] [18] [19] . Because of the heterogenicity in the aforementioned clinical trials, no clear indication for rib fixation has been defined. Also, very few studies have enrolled any substantial number of patients with multiple rib fractures without flail chest making the indication for these patients unknown. We made use of a clinical treatment algorithm (Fig. 1) based on the previous literature and experience in our hospital, which provides guidance in decision-making for both patients with flail chest and patients with multiple rib fractures.
In addition to the right indication, timing of the procedure is of major importance. The main reason for rib fixation is to stabilize the thorax to increase pulmonary mechanics and reduce pain. In a recently published study, Pieracci et al. [29] concluded that early surgical stabilization was indeed associated with favorable outcome. Additionally, they found that late surgical stabilization resulted in a significantly longer operating time for the same type of rib fracture. They hypothesized that this could be ascribed to tissue inflammation resulting in obscured planes and increased bleeding. Therefore, in our hospital, rib fixation is performed according to the treatment algorithm but preferably as early as possible after hospital admission.
The results should be interpreted in the light of several limitations. First, the EQ-5D-5L and mMRC are subjective questionnaires and assess general health and not specifically thorax-related problems. The vast majority of the patients described in this cohort were polytrauma patients; therefore, concomitant injuries but also comorbidities could have influenced the outcome. Second, due to the retrospective nature, this study could be subject to data loss and underreporting of complications. Consequently, no data were available on quality of life of patients before implant removal to objectify any improvement, although no differences were observed after implant removal compared with the rest of the patients. Third, follow-up differed per patient and ranged from 1 to 7.5 years. We assumed that for the majority of patients quality of life will improve most significantly in the first year after trauma and to a lesser extent thereafter, which is supported by our finding that there was no association between follow-up duration and quality of life (Spearman's rho 0.14; p = 0.164). Fourth, rib fixation was performed following the incision of a thoracotomy in the earlier years which gradually changed to a more minimally invasive approach in the following years. Nonetheless, there was no correlation between year of surgery and the outcome measures. Finally, the Dutch reference values for the EQ-5D were obtained from the three-category EQ-5D version whereas our results were measured using the newer five-category version. The additional answer categories provide the possibility for the patient to report milder problems which could have resulted in a higher percentage of reported problems as compared to the available Dutch reference population. This is the largest study to present the long-term followup of patients after rib fixation following a clear clinical treatment algorithm. We show that rib fixation is a safe treatment option for both patients with flail chest and patients with multiple rib fractures and that patients report a relatively good quality of life at long-term follow-up as compared to the Dutch reference population. Patients should be counseled that after rib fixation approximately half of the patients will experience implant-related irritation and about one in ten patients requires implant material removal due to this irritation. Future studies should focus on further development of the indication for rib fixation and should aim to identify the patient who will benefit most from rib fixation.
